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Abstract. We argue that the masses of the first and third fermionic generations, which are respectively 
of the order of a few MeV up to a hundred GeV, are originated in a dynamical symmetry breaking 
mechanism leading to masses of the order ctfi, where a is a small coupling constant and in the case 
of the first fermionic generation, is the scale of the dynamical quark mass (~ 250 MeV). For the third 
fermion generation /i is the value of the dynamical techniquark mass (~ 250 GeV). We discuss how this 
possibility can be implemented in a technicolor scenario, and how the mass of the intermediate generation 
is generated. 

PACS. 12.60.Nz Technicolor models - 12. 10. Dm Unified theories and models of strong and electroweak 
interactions - 14.80.Cp Non-standard-model Higgs bosons 



1 Introduction 

The standard model is in excellent agreement with the ex- 
perimental data. The only still obscure part of the model is 
the one responsible for the mass generation, i.e. the Higgs 
mechanism. In order to make the mass generation mecha- 
nism more natural there are several alternatives, where the 
most popular ones are supersymmetry and technicolor. In 
the first one the mass generation occurs through the exis- 
tence of non-trivial vacuum expectation values of funda- 
mental scalar bosons while in the second case the bosons 
responsible for the breaking of gauge and chiral symmetry 
are composite. Up to now the fermionic mass spectrum is 
the strongest hint that we have in order to unravel the 
symmetry breaking mechanism. A simple and interesting 
way to describe the fermionic mass spectrum is to sup- 
pose that the mechanism behind mass generation is able 
to produce a non-diagonal mass matrix with the Fritzsch 
texture P 



A 
A* B 
B* C 



(1) 



This matrix is similar for the charged leptons, 1/3 and 
2/3 charged quarks. The entry C is proportional to the 
mass of the third generation fermion, while the entry A 
is proportional to the mass of the lighter first genera- 
tion. The diagonalization of such mass matrix will de- 
termine the CKM mixing angles and the resulting diag- 
onal mass matrix should reproduce the observed current 
fermion masses. There are other possible patterns for the 
mass matrix and we choose the one of Eq.lflJ just for sim- 
plicity. We call attention to the values of A and C. They 



must be of order of a few MeV and a hundred GeV re- 
spectively. In models with a fundamental Higgs boson the 
values of A and C are obtained due to adjusted vacuum 
expectation values (vev) or Yukawa couplings. In this way 
there is no natural explanation for the values of A and 
C; they appear just as an ad hoc choice of couplings! The 
question that we would like to discuss here is how we nat- 
urally can generate the scales A and CI In order to do 
so let us recall which are the mass scales in the standard 
model. In this model we have basically two natural mass 
scales: fi qc( i ~ 250 MeV, which is the quantum chromo- 
dynamics (qcd) dynamical quark mass scale and v w 250 
GeV, the vacuum expectation value of the fundamental 
Higgs field responsible for the gauge symmetry breaking. 
As qcd is already an example of a theory with dynami- 
cal symmetry breaking we will also assume that techni- 
color (tc) models provide a more natural way to explain 
the gauge symmetry breaking [2KI], i-e. at this level all 
the symmetry breaking mechanisms should be dynamical. 
Therefore we will not discuss about a fundamental scalar 
field with vev v but of a composite scalar field character- 
ized by /i tc ss 250 GeV, which is the scale of the dynami- 
cal techniquark mass. Of course, at very high energies we 
possibly have other natural mass scales as the Planck one, 
a grand unified theory (gut) scale M gut or a horizontal 
(family) symmetry mass scale Mh, although it is far from 
clear how such scales interfere with the values of A and 
C. Finally, in tc models we may also have the extended 
technicolor (etc) mass scale M etc 0] upon which no con- 
straint can be established above the 1 TeV scale jS]- In 
this work we will build a model where the scales A and 
C of Eq.Q can be related respectively to the scales \i qc d 
and fitc times some small coupling constant. The values of 
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Eq.QJ will depend the least as possible on the very high 
energy mass scales like M gut , M etc , etc ... The model will 
require a very peculiar dynamics for the tc theory as well 
as for qcd, and this peculiarity in what concerns qcd differs 
the present approach from any other that may be found 
in the literature. In the next section we discuss which is 
the dynamics of non-Abelian theories that will lead to the 
desired relation between A{C) and p q cd{^tc)- In Section 
III we introduce a model assuming that its strongly inter- 
acting sector has the properties described in the previous 
section, and show that the intermediate mass scale (B) of 
Eq.QJ appears naturally in such a scheme. In Section IV 
we compute the fermion mass matrix. Section V contain 
some brief comments about the pseudo goldstone bosons 
that appear in our model and we draw our conclusions in 
the last section. 



2 The self-energy of quarks and techniquarks 



In tc models the ordinary fermion mass is generated through 
the diagram shown in Fig.lTjJ. In Fig.([Q) the boson indi- 
cated by SU(k) corresponds to the exchange of a non- 
Abelian boson, with coupling a k to fermions (/) or tech- mj = a k 
nifermions (T). In the models found in the literature the 
role of the SU(k) group is performed by the extended 
technicolor group and the boson mass is given by M etc where we define a k — 
To perform the calculation of Fig. (JJJ we can use the fol 



which is the one obtained when the composite operator 
i^i^i) = /^f has canonical dimension and where i can in- 
dicate tc or qcd. When 9 — operators of higher dimension 
may lead to the hard self-energy expression 

S h (p) = n[l + bgl c{qcd) (p 2 )ln{p 2 /^)]-\ (4) 

where 7 must be larger than 1/2 and the self-energy be- 
haves like a bare mass j7J. Therefore no matter is the di- 
mensionality of the operators responsible for the mass gen- 
eration in technicolor theories the self-energy can always 
be described by Eq.J2J). In the above equations gt c (qcd) is 
the technicolor (qcd) coupling constant and 7 = —^prjp-, 
where c tc{qcd) = \[C 2 {Ri) + C 2 (R 2 ) - C 2 (R^)] , with the 
quadratic Casimir operators C 2 {R\) and C 2 {R 2 ) associ- 
ated to the R.H and L.H fermionic representations of the 
technicolor (qcd) group, and C 2 (R^,) is related to the con- 
densate representation, b is the gf c / qC( f, coefficient of the 
technicolor(qcd) group (3 function. The complete equation 
for the dynamical fermion mass displayed in Fig.(TJ3) is 



Nfc(«)[l + &tc(gcd)ff 



2 

tc(qcd) 



-s 



(5) 

In the last equation 



167T 4 




C 2k is the Casimir operator related to the fermionic rep- 
resentations of the SU(k) (or etc) group connecting the 
different fermions (tc or qcd), g k and M k are the respective 
coupling constant and gauge boson mass, a factor p-tc(qcd) 
remained in the fermion propagator as a natural infrared 
regulator and 5 — jcos9ir, g k (q) is assumed to be giving 

by 



9U1 2 



(l + M(M|)in(^)) 



(6) 



Fig. 1. Typical diagram contributing to the fermion masses of 
the first and third generation. The exchange of the boson indi- 
cated by SU(k) plays the same role of an extended technicolor 
boson. 



lowing general expression for the techniquark (or quark) 
self-energy [B] 



2^1— 7cos(9tt) 



( 2 ) 

where in the last equation we identified 7 = "ftc(qcd) as the 
canonical anomalous dimension of the tc(qcd) mass oper- 
ator, and p is the dynamical fermion (tc or qcd) mass. The 
advantage of using such expression is that it interpolates 
between the extreme possibilities for the technifermion (or 
quark) self-energy, i.e. when 9 — 1 we have the soft self- 
energy giving by 



[l+bgl {qcd) (p?)ln{p*/^)]\ (3) 



Note that in Eq.© we have two terms of the form [1 + 
bigflnq 2 } where the index i can be related to tc(qcd) or 
SU(k). To obtain an analytical formula for the fermion 

mass we will consider the substitution q 2 — > xM > k , and we 

will assume that b k gl(M k ) w b tc{qcd) g 2 tc(qcd) (M k ) , what 
will simplify considerably the calculation. Knowing that 
the SU{k) group usually is larger than the tc(qcd) one, 
we computed numerically the error in this approximation 
for few examples found in the literature. The resulting 
expression for nif will be overestimated by a factor 1.1 — 
1.3 and is giving by 



3C 2k g 2 (M k )fi 
m f ~ 16^ 2 \M 2 



2 M k 

1 + btc(qcd)gtc(qcd) ln — o- 
r 1 



where 



I, 
(7) 



I 



I r \ 

' doo^e-* 



r{o) 



9 + per 



with p = b tc{qcd )g 2 c ^ qcd) {M k ) and e = 5 + 1 = jcosOir + 
1. To obtain Eq.0 we made use of the following Mellin 
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transform 



x 

1 + « In — 

M . 



1 



m jo 



Finally, we obtain 



due-" I — 



(8) 



obtain. Finally, this is our only working hypothesis and 
will lead us to the following problem: How can we prevent 
the coupling of the first and second fermionic generations 
to the technifermions? A model along this line is proposed 
in the next section. 



m f 
where 



3C 2 fc^(M etc )^ / u 2 



16tt 2 



\M? tc 



,F(cos6>7r,7, p). (9) 3 The model 



F(cos#7r,7,p) = 1^— 7COs(#7r), -) exp(-)- - 

P P P\P 



7 cos(07r) 



2 -| — 7cos(#7r) 



2 M k 
1 + btc(qcd)gtc(qcd^ n ~~T 

p 



Simple inspection of the above equations shows that 
= lead us to the relation that we are looking for i.e. 



C oc g k ptc 



(10) 



which give masses of 0(GeV). If the SU(k) (or etc) bosons 
connect quarks to other ordinary fermions we also have 



.4 



•XgkPqcd, 



(11) 



which are masses of a few MeV. To obtain Eas. HlOJl and 
<|11|) we neglected the logarithmic term that appears in 
Eq. © • In principle there is no problem to assume the ex- 
istence of a tc dynamical self-energy with 9 = 0. There are 
tc models where it has been assumed that the self-energy 
is dominated by higher order interactions that are relavant 
at or above the tc scale leading naturally to a very hard dy- 
namics The existence of a hard self-energy in qcd is 
the unusual ingredient that we are introducing here. Usu- 
ally it is assumed that such solution is not allowed due to 
a standard operator product expansion (OPE) argument 
This argument does not hold if there are higher or- 
der interactions in the theory or a nontrivial fixed point 
of the qcd (or tc) /? function IT] , There are many pros 
and cons in this problem which we will not repeat here 
|12| . but we just argue that several recent calculations of 
the infrared qcd (or any non-Abelian theory) are showing 
the existence of an IR fixed point |KS| and the existence of 
a gluon (or technigluon) mass scale which naturally leads 
to an IR fixed point The existence of such a mass 
scale seems to modify the structure of chiral symmetry 
breaking |15| . This fact is not the only one that may lead 
to a failure of the standard OPE argument. For instance, 
the effect of dimension two gluon condensates, if they ex- 
ist, [El can also modify the dynamics of chiral symmetry 
breaking and this possibility has not been investigated up 
to now. Therefore it seems that we still do not have a full 
understanding of the IR behavior of the non-Abelian the- 
ories, which can modify the behavior of the self-energies 
that we are dealing with. According to this we will just 
assume that such behavior can happen in tc as well as in 
qcd. How much this is a bad or good assumption it will be 
certainly reflected in the fermionic spectrum that we shall 



3.1 The fermionic content and couplings 

According to the dynamics that we proposed in the pre- 
vious section, which consists in a self-energy with 9 = 
in Eq.©, and as the different fermion masses will be gen- 
erated due to the interaction with different strong forces, 
we must introduce a horizontal (or family) symmetry to 
prevent the first and second generation ordinary fermions 
to couple to technifermions at leading order. The lighter 
generations will couple only to the qcd condensate or only 
at higher loop order in the case of the tc condensate. Us- 
ing the hard expression for the self-energy (Eq.(0J) the 
fermion masses will depend only logarithmically on the 
masses of the gauge bosons connecting ordinary fermions 
to technifermions. Therefore we may choose a scale for 
these interactions of the order of a gut scale, without the 
introduction of large changes in the value of the fermion 
masses. We stress again that the only hypothesis intro- 
duced up to now is the dynamics described in the pre- 
vious section. On the other hand, as we shall see in the 
sequence, we will substitute the need of an extended tech- 
nicolor group by the existence of a quite expected unified 
theory containing tc and the standard model (SM) at a 
gut scale. There is also another advantage in our scheme: 
It will be quite independent of the physics at this "uni- 
fication" scale and will require only a symmetry (hori- 
zontal) preventing the leading order coupling of the light 
fermion generations to technifermions. Finally, the hori- 
zontal symmetry will be a local one, although we expect 
that a global symmetry will also lead to the same results. 
We consider a unified theory based on the SU(9) gauge 
group, containing a ST/(4) tc tc group (stronger than qcd) 
and the standard model, with the following anomaly free 
fermionic representations |17j 



5® [9,8]© 1® [9, 2] 



(12) 



where the [8] and [2] are antisymmetric under SU(9). 
Therefore the fermionic content of these representations 
can be decomposed according to the group product 
SU(4)tc <8> SU(5) gg (SU(5) gg is the standard Georgi- 
Glashow gut JHI) as: 



[9,2] 



(1,10) = 



1 


UiB 


-U iY 


~u iR 


-di R \ 


— Ui B 





U~iR 


-U iY 


—diY 


U iY 


-UiB 





-UiB 


—di B 


UiB, 


UiY 


U iB 
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(4,5) 



[9,8] 



(1,5) 



(4,1) 



(QiR\ 

QiY 
2 iB 

u 

\ Ni J 



( d jn\ 
diB 



zontal symmetry SU(3)h are shown in Fig.JSJ. With the 



(6, 1) = Ni 



TC 



, (1,5) = 



/X Rk \ 

x n 

X B k 

E k 
\N E J 



;,Li, Nil,, 



where e = 1..3 is a color index and k = 1..4 indicates the 
generation number of exotic fermions that must be intro- 
duced in order to render the model anomaly free. These 
fermions will acquire masses of the order of the grand uni- 
fied scale. We are also indicating a generation (or horizon- 
tal) index i = 1..3, that will appear due to the necessary 
replication of families associated to a SU (3)h horizon- 
tal group. This model is a variation of a model proposed 
by one of us many years ago ^Hj- The mass matrix of 
Eq.QJ will be formed according to the representations of 
the strongly interacting fermions of the theory under the 
SU (3)if group. The tcchnifcrmions form a quartet under 
SU(4)tc and the quarks are triplets of qcd. The techni- 
color and color condensates will be formed at the scales 
/itc and [iqcd in the most attractive channel (mac) |2()j of 
the products 4 ® 4 and 3 ® 3 of each strongly interact- 
ing theory. We assign the horizontal quantum numbers 
to technifcrmions and quarks such that these same prod- 
ucts can be decomposed in the following representations of 
SU (3)jj : 6 in the case of the technicolor condensate, and 3 
in the case of the qcd condensate. For this it is enough that 
the standard left-handed (right-handed) fermions trans- 
form as triplets (antitriplets) under SU(3)h, assuming 
that the tc and qcd condensates are formed in the 6 and in 
the 3 of the SU (3)h group. This is consistent with the mac 
hypothesis [201 although a complete analysis of this prob- 
lem is out of the scope of this work. The above choice for 
the condensation channels is crucial for our model, because 
the tc condensate in the representation 6 (of SU (3)h) will 
interact only with the third fermionic generation while the 
3 (the qcd condensate) will interact only with the first 
generation. In this way we can generate the coefficients C 
and A respectively of Eq. , because when we add these 
condensates (vevs) and write them as a 3 x 3 matrix we 
will end up (at leading order) with 



M f 




(13) 



This problem is very similar to the one proposed by Berezhi- 
ani and Gclmini et al. 2.U where the vevs of fundamental 
scalars are substituted by condensates. The new couplings 
generated by the unified SU (9) group and by the hori- 





SU(9) 




SU(9) 






SU(5) 



SU(5) 



SU(5) 



SU(3) 





Fig. 2. Couplings of ordinary fermions and technifermions to 
the gauge bosons of SU(9), SU(5) gg and SU(3)h which are 
relevant for the generation of fermion masses. 



couplings shown in Fig. we can determine the diagrams 
that are going to contribute to the 2/3 and 1/3 charged 
quark masses as well as to the charged lepton masses. 
These diagrams are respectively shown in Fig.© to JSJ). It 
is important to observe the following in the above figures: 
The second generation fermions obtain masses only at a 
two loop order. This mass will be proportional to \it c times 
two small couplings (gh and gg, respectively the SU(3)h 
and SU(9) coupling constants). It will also be nondiago- 
nal in the SU(3)h indices. The first generation fermions 
obtain masses only due to the qcd condensate whereas 
the third generation ones couple directly to the tc con- 
densates. Due to the particular choice of representations 
under the unified theory containing tc and the standard 
model we end up with more than one mass diagram for 
several fermions. It is particularly interesting the way the 
fermions of the first generation obtain masses. In some of 
the diagrams of the above figures we show a boson that 
is indicated by SU(5). This boson belongs to the SU(9) 
group, but would also appear in the standard SU(5) gg 
gut. For example, the electron only couples to the d quark 
(and to the qcd condensate) through a SU(5) gg gauge bo- 
son existent in the Georgi-Glashow minimal gut, whereas 
the u and d can connect to the second generation through 
the horizontal symmetry gauge bosons. We also expect 
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Fig. 3. Diagrams contributing to the charge 2/3 quark masses. 
In (a) we indicate by SU(5) the exchange of a boson that 
belongs to the SU (9) group, but that would also appear in the 
minimal 5(7(5) gut. 
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Fig. 4. Diagrams contributing to the mass generation of 1/3 
charged quarks. 



to the qcd and tc vacuum condensates. The bosons repre- 
sented by r\ and <p, respectively, are related to the system 
of composite Higgs bosons formed in the representations 
3 and 6 of the horizontal group. Such supposition is quite 
plausible if we consider the results of Ref.[H]05], where it 
was shown that the interactions of a composite Higgs bo- 
son is very similar to the ones of a fundamental boson. 
Our intention is to show that such system leads to an in- 
termediate mass scale and to a mass matrix identical to 
Eq.©. 

The vevs of qcd and technicolor, due to the horizon- 
tal symmetry, can be written respectively in the following 
form HU 



<»?> 




00 
00 

v, 



(16) 



and will be of the order of 250 MeV and 250 GeV. It is 
instructive at this point to observe what fermionic mass 
matrix we can obtain with the vevs of Eq. Ijlfijl . We can 
assume that the composite scalars r\ and tp have ordinary 
Yukawa couplings [T1l21| to fermions described by the fol- 
lowing effective Yukawa lagrangian 



3.2 The composite Higgs system 

We can also observe that the second generation fermions 
will be massive not looking at the diagrams of Fig. © to 
|J5J, but studying the composite Higgs system. With this 
we mean that the qcd and tc condensates act as if we had 
two composite bosons represented by the fields ry and tp. In 
principle this system could be described by the following 
effective potential 

V(v, tp) = fflri + + ^r>V + M^V) 2 , ( 14 ) 

in such a way that we can identify the vevs (given by the 
ratio of masses and couplings) 



/4 



9 



(15) 



(17) 



where W and U are the ordinary fermion fields. A is a 
weak hypercharge (SU(2) W ) index, for instance, A = 1 
represents charge 2/3 quarks and A = 2 correspond to 
the charge 1/3 quarks, i,j e k indicate the components 
of the composite scalar bosons of the representations 3 
and 6 of SU(3)h and a and b are the coupling constants. 
Substituting the vevs of Eq. IJ16J1 in the Yukawa lagrangian 
for the charge 2/3 quarks, we obtain 



Cy = aCLV v UR — aULV v CR + btLV v tR, 



(18) 



leading to a mass matrix in the (u , c , t) basis which is 
given by 

— av v C 
777" I av v | . (19) 
bv u 
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The main point of the model is that the fermions of the 
third generation obtain large masses because they couple 
directly to technifermions, while the ones of the first gen- 
eration obtain masses originated by the ordinary conden- 
sation of qcd quarks. Having this picture on mind we can 
now see that the most general vev for this system includes 
the mass generation for the intermediate family. 

It is important to verify that there is no way to prevent 
the coupling at higher order of the different composite 
scalar bosons with SU(3)h quantum numbers. Examples 
of such couplings are shown in Fig.© 





Fig. 6. Higher order corrections coupling the rj and ip compos- 
ite bosons. 



This coefficient can be calculated if we assume that (rj) is 
given by Eq. (|2I[) , (<p) is the same vev described by Eq. I|lb| 
and both are related to the tc and qcd condensates. We 
will neglect S compared to 77 in Eq. (|2L)[l . what is reason- 
able if we look at Fig.© (77 is given by the first dia- 
gram). The coupling 77 is computed from the first dia- 
gram of Fig.© using the effective vertex xxWW shown 
in Fig.©, where an ordinary fermion runs in the loop, 
where the \ field may indicate technicolor (\ = v) or 1 c d 




1 



Fig. 7. Diagram leading to the coupling between two compos- 
ite scalar bosons and two gauge bosons 



The diagrams of Fig. © will produce new terms for the 
effective potential of our composite system, therefore we 
must add to Ea. (|I4|) the following terms 



V 2 (ri, (p) = Ilrfrnp^ip + Srftprup^ + 



(20) 



The introduction of this expression in the potential of 
Eq. I|I4|) will shift the vevs generated by the effective fields 
r\ and ip, and the vev associated to the field rj will be 
shifted to 

( V ) ~ ( o j . (2i) 

We do not include the shift in the vev of <p, because 
v n <C v v and the modification is negligible. Note that the 
Yukawa lagrangian that we discussed in Ea. (|18|l in terms 
of the new vevs can be written as 

Cy = ac L v n u R - au L Vr,c R + bt L v v t R - ac L st R + ai L ec R . 

(22) 

Therefore, in the (it , e , t) basis, the structure of the mass 
matrix now is 



— av n 



m 3 = 



av v 







as 



-as bvu 



(23) 



This example was motivated by a system of fundamental 
Higgs bosons [21] ■ But the most remarkable fact is that we 
can reproduce this result with a composite system formed 
by the effective low energy theories coming from qcd and 
tc as we shall see in the following. The coefficient e in 
Eq.J2U will result from the minimization of the full po- 
tential 

V(r), ip) = ulrfn + \{rfv) 2 + tfp<P*<P + A^V) 2 + 

nrfr/ip^tp + Srfiprjtp^ . (24) 



(x = f) composites scalar bosons. To compute Fig.JIJl 
we also need the effective coupling between the compos- 
ite scalars boson and the ordinary fermions. This one has 
been calculated in the work of Carpenter et al. [SJEI some 
years ago and it is shown in Fig. © . After a series of steps 



2 < 



Fig. 8. Vertex coupling a scalar composite boson to ordinary 
fermions 



the calculation of the diagram of Fig.© will be given by 




77 



xxww 



Ml 32 



- 2 J^f- (25) 



Following closely the procedure adopted by Carpenter et 
al. [S| we may approximate the self energy by S x ~ fi x f^r) > 

where q x 



1 ^2 X , to obtain the following coupling be- 
tween two composite scalars and the intermediate gauge 
bosons of the weak interaction 

n xx ww ' 



2tt 2 



x gr 



(26) 



In Eg. (12611 we made use of the relation ^fi- = a 9 .% . Note 
that the coupling between scalars and gauge bosons is 
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dominated by the ultraviolet limit, where the approxima- 
tion for the self energy discussed above is also valid. The 
effective coupling 77 in Ea. l24|) is equivalent to the cal- 
culation of the first diagram of Fig.©. Using Ea. 1)26(1 we 
will come to the following expression 



77„ 



M W U F^tct 1 qcd 
327T 8 Q c <; 9cd 



(27) 



We can now approximately determine the value of e 
assuming that the potential of Ea. (|14|) has a minimum 
described by the vevs (ip), Ea. (ftT))l . and (77), Ea. (|2*l")) . what 
lead us to the following value of the potential at minimum 



V(J1,<P)\ 



ffi + Vj+W + Vj + V - (28) 



We then compare the minimum of this potential with the 
one obtained from Ea. ((24(l . where the term proportional 
to 5 is neglected in comparison to the one proportional 
to 77. This is equivalent to say that the second diagram 
of Fig. © is much smaller then the first diagram, and the 
vevs entering in Eq. Q24JI are the unperturbed ones because 
the perturbation will enter through the 77 term. Finally, 
assuming that the coefficient describing the coupling be- 
tween four scalar bosons that are formed in the chiral sym- 
metry breaking of QCD is given by 9 



V 



^ 2 F^%d C qcdCtqcd 



(29) 



4 Computing the mass matrix 

We can now compute the mass matrix. Let us first con- 
sider only the | charged quarks and verify their different 
contributions to the matrix in Eq.JQ). These will come 
from the diagrams labeled (a), (b) and (c) in Fig.© and 
are equal to 



A = 



l^qcd 



D 



C = 



WCqcdOiqcd 

^qcd 
l35Cqcda q cd 

675irct c atc 

\hc tc Oitc 



1 + bg, 



qcdJ 1 



Ml 

Vqcd 



bg\ C d ln ^r~ 

Vqcd 



1 



Af 2 ' 

7 2 7 9 

f og tc ln— 

H<tc . 

, 2 , Ml 



-7tc + l 



(31) 



Where the contributions for A, B and C come respectively 
from the diagrams (a), (b) and (c) displayed in Fig.@. 
The values A, B and C correspond to the nondiagonal 
masses in the horizontal symmetry basis. To come to these 
values we assumed ag = ah = 0:5) ~ ^ at the unifi- 

cation scale. We also assumed, when computing diagrams 
involving the technileptons and techniquarks condensates, 
the following relation 



and we can obtain a similar expression for X v after chang- 
ing the indices qcd by tc. Equalizing v v and v v to the 
known qcd and tc condensates (assuming (ipiipi) 

/4 ~ 



|22]), we conclude that 



B 



■fur A (~t1 ,.i 

18n 3 c tc atc 



GeV - 16.8GeV. 



(30) 



The surprising fact in this calculation is that the coupling 
of the different scalar bosons has been determined dynam- 
ically and gives exactly the expected value for the nondi- 
agonal coefficient B. In models with fundamental scalar 
bosons this value results from one ad hoc choice. In this 
section we presented our model, determined the main di- 
agrams contributing to the fermion masses and showed 
that this scenario naturally leads to a fermion mass ma- 
trix with the Fritzsch texture. We have not tested many 
other models, but it seems that we may have a full class of 
models along the line that we are proposing here. Because 
of the peculiar dynamics that we are assuming we need 
only a horizontal symmetry and a partial unification of 
the standard model and the value of their mass scales will 
not strongly modify our predictions (although the chosen 
horizontal symmetry will). Of course, the breaking of the 
unified and/or horizontal symmetry will happen at a very 
high energy scale and will not be discussed here. In par- 
ticular, this symmetry breaking can be even promoted by 
fundamental scalars which naturally can appear near the 
Planck scale. 



(LL) = -(QQ), 



(32) 



because the techniquarks carry also the three color degrees 
of freedom. As the mass matrix is the same obtained in 
Rcf . jj| we can use the same diagonalization procedure to 
obtain the t, c and u quark masses, which is given by 



M 



= R- 1 MlR, 



(33) 



where 7? is a rotation matrix described in Ref. I . After 
diagonalization we obtain 



.4 



B 



C 



B 



C 



and mt 



C 



where the values of A, B and C are the ones shown in 
Eq. (|31|l . We will also assume the unification mass scale as 
Mg = M5 ~ 10 16 GeV and the horizontal mass scale equal 
to Mh ~ I0 13 GeV. The several constants contained in 
Eq.(PU) are b tc = j^j 2 ^, b qcd = j tc = || and -f qcd = 
|. We remember again that we assumed cvfe ~ fitc = 
250GeV and \x qc d — 250MeV. The fermion masses come 
out as a function of the parameter C(t c> q C d)Ot(t c ,qcd)- 

For 

simplicity (as well as a reasonable choice) we will define 

COt = C tc a tc = CqcdCiqcd = 0.5. 

We display in Table 1 the fermionic mass spectrum 
obtained in this model. Some of the values show a larger 
disagreement in comparison to the experimental values, 
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160.3 GeV 


m b 


113 GeV 


m T 


131.2 GeV 




1.57 GeV 




1.10 GeV 




1.30 GeV 


m u 


29.6 Mev 


m d 


15.6 Mev 


m e 


5.5 Mev 



Table 1. Approximate values for quarks and leptons masses 
according to the chosen values of couplings and strongly inter- 
acting mass scales. 



LHC). We can list the possible pseudo Goldstone bosons 
according to their different quantum numbers: 

Colored pseudos: They carry color degrees of freedom 
and can be divided into the 3 or 8 color representations. 
We can indicate them by 

n a ~ Q l5 \ a Q. 



and others show a quite reasonable agreement if we con- 
sider all the approximations that we have performed and 
the fact that we have a totally dynamical scheme. 

It is also impressive that B in Eq. I|31l) , neglecting loga- 
rithimic terms, is roughly giving by B ~ lActhTTit / V which 
is of order of 17 GeV. This is the expected value according 
to the estimative of the previous section (see Eg. (13011 '). In 
some way this is also expected in a mechanism where one 
fermionic generation obtain a mass at 1-loop level coupling 
to the next higher generation fermion (see, for instance, 
Ref.|23p. The values of the u and e masses can be easily 
lowered with a smaller value of /J, qc d- Of course, we are also 
assuming a very particular form for the mass matrix based 
in one particular family symmetry. Better knowledge of 
the symmetry behind the mass matrix, and a better un- 
derstanding of the strong interaction group alignment will 
certainly improve the comparisom between data and the- 
ory. The high value for the masses obtained for some of 
the second generation fermions also come out from the 
overestimation of the b and r masses. The mass splitting 
between the t and b quarks, which is far from the desirable 
result, is a problem that has not been satisfactorily solved 
in most of the dynamical models of mass generation up 
to now. It is possible that an extra symmetry, preventing 
these fermions to obtain masses at the leading order as 
suggested by Raby [21] can be easily implemented in this 
model. We will discuss these points again in the conclu- 
sions. Finally considering that we do not have any flavor 
changing neutral current problems |2H], because the in- 
teraction between fermion and technifermions has been 
pushed to very high energies, and that we assume only 
the existence of quite expected symmetries (a gauge group 
containing tc and the standard model and a horizontal 
symmetry) the model does quite well in comparison with 
many other models. 



5 Pseudo-Goldstone boson masses 

Another problem in technicolor models is the proliferation 
of pseudo- Goldstone bosons 2,3, 25 . After the chiral sym- 
metry breaking of the strongly interacting sector a large 
number of Goldstone bosons are formed, and only few of 
these degrees of freedom are absorbed by the weak inter- 
action gauge bosons. The others may acquire small masses 
resulting in light pseudo-Goldstone bosons that have not 
been observed experimentally. In our model these bosons 
obtain masses that are large enough to have escaped de- 
tection at the present accelerator energies, but will show 
up at the next generation of accelerators (for instance, 



Charged pseudos: These ones carry electric charge and 
we can take as one example the following current 



IT 



where Q(L) indicate the techniquark (technilepton) fields. 

Neutral pseudos: They do not carry color or charge 
and one example is 



N-y 5 N. 



Following closely Ref.|2S] the standard procedure to 
determine the SU(3) qcc i contribution to the mass (M c ) of 
a colored pseudo Goldstone boson gives 



C 2 {R)a c {n) 



del 



F, 



n 



35.5MeV 



170 v / C 2 (R)GeV ~ O(300)GeV. (35) 



While the electromagnetic contribution to the mass of 
the charged pseudos Goldstone bosons is estimated to be 



M em ~ Q ps ^-35.5MeV 



QpAIGeV ~ O(50GeV), 



(36) 

in the equations above we assumed that the technipion 
and pion decay constants are given by Fjj w l25GeV and 
f n w 95MeV, Q ps is the electric charge of the pseudo- 
Goldstone boson, and C2(R) is the quadratic Casimir op- 
erator in the representation R of the pseudo-Goldstone 
boson under the tc group. There is not much to change in 
these standard calculations, except that due to the par- 
ticular form of the technifermion self energy the tech- 
nifermion will acquire large current masses, and subse- 
quently the pseudos- Goldstone bosons formed with these 
ones. We know that any chiral current U> can be writ- 
ten as a vacuum term rriffyfipf) plus electroweak (color, 
...) corrections |27| . where rrif is the current mass of the 
fermion ipf participating in the composition of the cur- 
rent 77 , neglecting the electroweak corrections and using 
PCAC in the case of qcd we obtain the Dashen relation 



,(qq) 



(2 

J 7T 



(37) 



where (qq) is the quark condensate. Of course this relation 
is valid for any chiral current and in particular for the 
technifermions we can write 



Ml 



M Tf {f f T f ) 



F 2 
r n 



(38) 
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where My, is the technifermion current mass. In the usual 
models (with the self-energy given by Eq.lQ) the tech- 
nifermions are massless or acquire very tiny masses lead- 
ing to negligible values for Mn- In our model this is not 
true. All technifermions acquire masses due to the self- 
interaction with their own condensates through the inter- 
change of SU(9) bosons. 

There are several bosons in the SU(9) (and also in the 
SU(3)h) theory connecting to technifermions and gener- 
ating a current mass as is shown in Fig.JHJl. 




T f a 9 T f T f a 9 T f 



Fig. 9. Diagram responsible for the technifermion mass gen- 
eration. 



A simple estimative, based on Eq.QJ, of the contribu- 
tion of Fig. @ to the technifermion masses gives 

M Tfsu(g) Z O(80 - 130)Gey. (39) 

If we also include the contribution of the same diagram 
where the exchanged boson is a horizontal SU(3)h boson 
coupling technifermions of different generations, we must 
add to the above value the following one 

M T , > 0(10 - 40)Gey. (40) 

J SU(3) H 

Therefore, we expect that the technifermion current 
masses are at least of the order of M Tf ss O(100)GeV . 
Now, according to Ea. p%|) and assuming (T/T/) ~ F n 
we have the following estimative for the pseudo-Goldstone 
boson masses 

M n > O(100)GeV. (41) 

Note that in this calculation we have not considered 
the qcd or electroweak corrections discussed previously. 
Therefore, even if the pseudo-Goldstones bosons do not 
acquire masses due to qcd or electroweak corrections they 
will at least have masses of order of 100 GeV because of 
the "current" technifermion masses obtained at the SU(9) 
(or SU(3) H ) level. 



the model, all the others (unification of tc and the stan- 
dard model and the existence of a horizontal symmetry) 
are naturally expected in the current scenario of particle 
physics. One of the characteristics of the model is that 
the first fermionic generation basically obtain masses due 
to the interaction with the qcd condensate, whereas the 
third generation obtain masses due to its coupling with 
the tc condensate. The reason for this particular coupling 
and for the alignment of the strong theory sectors gen- 
erating intermediate masses is provided by the SU(3)h 
horizontal symmetry. Of course, our model is not success- 
ful in predicting all the fermion masses although it has a 
series of advantages. It does not need the presence of many 
etc boson masses to generate the different fermionic mass 
scales. The etc theory is replaced by an unified and hori- 
zontal symmetries. It has no flavor changing neutral cur- 
rents or unwanted light pseudo-Goldstone bosons. There 
are many points that still need some work in this line of 
model. The breaking of the SU (9) and horizontal symme- 
tries is not discussed, and just assumed to happen near 
the Planck scale and possibly could be promoted by fun- 
damental scalar bosons. The mass splitting in the third 
generation could be produced with the introduction of a 
new symmetry. For instance, if in the SU(9) breaking be- 
sides the standard model interactions and the tc one we 
leave an extra E/(l), maybe we could have quantum num- 
bers such that only the top quark would be allowed to 
couple to the tc condensate at leading order. This possi- 
bility should be further studied because it also may intro- 
duce large quantum corrections in the model. If the unified 
group (SU (9) in our case) is not broken by a dynamical 
mechanism, i.e. we do not need that this group tumbles 
down to SU(A) tc ® SM, then we could replace SU(A) tc 
by one smaller group (perhaps SU(2) tc ) which becomes 
stronger at the scale [i » 250 GeV. In this class of mod- 
els we can choose different groups containing tc and the 
standard model, as well as different horizontal symmetries 
with different textures for the mass matrix. These will cer- 
tainly modify the values of the fermion masses that we 
have obtained. The alignment of the strongly interacting 
sectors can be studied only with many approximations, 
but it is quite possible that it generates more entries to 
the mass matrix than only the term B. Another great ad- 
vantage of the model is that it is quite independent of the 
very high energy interactions (like SU(9) or SU(3)h), al- 
though the horizontal symmetry is fundamental to obtain 
the desired mass matrices, and we believe that variations 
of this model can be formulated. 



6 Conclusions 



We have presented a technicolor theory based on the group 
structure SU(9) x SU(3)h- The model is based on a par- 
ticular ansatz for the tc and qcd self energy. We argue 
that our ansatz for qcd, in view of the many recent results 
about its infrared behavior, is a plausible one, but even 
if it is considered as an "ad-hoc" choice for the self en- 
ergy the main point is that it leads to a consistent model 
for fermion masses. This is the only new ingredient in 
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